Projection x-ray microscope powered by highly charged ions
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Recombination of slow highly charged ions at the surface of a target foil can be used as a source of
x rays for a projection x-ray microscope. In a first test of this concept, a low emittance beam of
Ar®" and A" ions from an electron beam ion trap was focused with einzel lenses taunZall

width at half maximum spot on a beryllium target foil. The 3 keV x rays from radiative deexcitation

of the ions were used to obtain a magnified image of an electroformed nickel mesh witin 20
resolution by projection onto a CCD camera. Prospects for substantial improvements in resolution
and intensity are discussed. €998 American Institute of Physid§0034-67488)00801-9

I. INTRODUCTION Rondot and Cazaux obtained Afn resolution with a similar
arrangement;two different x-ray energies were used to ob-

X-ray microscopy provides information unobtainable tain element selectivity in the images.
with visible-light microscopy due to the different absorption In this article we introduce a laboratory x-ray micro-
properties of x rays and the possibility of imaging smallerscope based on another type of x-ray source—the radiation
structures. As the capabilities of x-ray microscopes improvefrom slow highly charged ions as they radiatively deexcite at
they are becoming valuable tools in biology and materialghe surface of a target fotf This novel x-ray source avoids
science'™* Three different types of x-ray sources are pres-several fundamental limitations of conventional x-ray
ently used for x-ray microscopy: conventional x-ray tubessoyrces, suggesting that it could eventually lead to an x-ray
and other electron-beam devicség;plasma sour.cejé’, and  microscope with superior performance. Results from the ini-
synchrotron radiatioA-* Several different techniques have tial tests of a projection x-ray microscope powered by highly
been used to obtain microscopic images with these SOUrCegharged ions are reported here.

High quality x-ray images can be obtained with synchro- 114 key requirement for an x-ray microscope based on
tron radiation, and most synchrotron radiation facilities havenighly charged ions is an ion source with high brightness.
beam lines for x-ray microscopy. The best resolution hasl’he electron beam ion traEBIT)!® and the related elec-
been obtained at low x-ray energy, particularly in the 300_tron beam ion sourcéEBIS)'® produce slow very-highly-
500 eV “water window” of importance for biological stud- charged ions with remarkably low emittan@ the order of
ies. In a typical arrangement, the synchrotron radiatio 7~ mm mrad for typical beam energlesuggesting that it

passes through a monochromator and is then focused to a . i
may be possible to focus low-energy ion beams from these

small spot with a Fresnel-zone-plate condenser lens or a ta- . o .
: ; . . . sources to small spots suitable for projection x-ray micros-
pered capillary. An x-ray image is obtained by scanning a

sample through the focused beam spot. Fluxes of abdut 1(§Opyl. tiLOr:N femn:apceti If] f);trer:]n(ialyr/ |mportziin':j bte(r::]liJ:edth
photons per second at 350 eV have been focused to a 50-n jSoiution of a projection x-ray microscope 1S dete ed by

diam spot for imaging biological sampl4n the same en- he size of the.x-ray source, Which in this case is exactly the
ergy band, a lateral resolution of about 100 nm has beefidMe as the size of the f_OCUSEd lon ;pot.
obtained with a pulsed plasma x-ray souttet higher x- . Several oth.er properties of EBIT lons make t.hem attrac-
ray energy, a flux of 1Dphotons per second at 12.3 keV was tive for X-ray microscopy. The radiation yield during surfa}ce
measured through the 100 nm opening of a tapered capillafFcOmMbination is very high, up to 5% or more of the total ion
with a synchrotron-radiation souréé. énergy erend|ng on t_he ion species and |nC|de_n_t endroy.
X-ray microscopy with electron-beam-generated x rayscomparison, the radiation yield for electrons striking the an-
has a long history? Although these conventional “labora- ©de of an x-ray tube is on the order of T6-10"% and
tory” x-ray sources have a much lower brilliance than syn-anode heating is often a serious problernlike x-ray
chrotron radiation sources, they are much smaller and can B&bes, the recombination x-ray spectrum is bremsstrahlung-
located in individual research laboratories. Images are obfree and consists entirely of the characteristic line radiation
tained either by scanning a sample through the collimate®f the incident ions. The range and scattering of slow highly
beam from a high power x-ray tuBe’ or by focusing an charged ions is far less than that of electrons. In fact, radia-
electron beam to a small x-ray-emitting spot and obtainingive deexcitation occurs within a few nanometers of the tar-
an x-ray image by projectioh? The projection technique is get surface; hence beam spreading does not limit the reso-
the same as that used in the present work, except for thigtion. The x-ray energy can be selected by choosing an
different nature of the x-ray source. Yada and Takahashiippropriate ion species, and energies up to 100 ke¥-
used the focused electron beam of a scanning electron miium K x ray9 are possible. These properties of highly-
croscope as an x-ray source for a projection x-ray microcharged-ion-produced x rays encouraged us to explore the
scope that achieved a resolution better than? at 1.7 use of an EBIT at the Lawrence Livermore National Labo-
keV x-ray energy At higher photon energie$.4—7.5 keV, ratory for x-ray microscopy.
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- [ whose recombination radiation is above or below selected
/Sample absorption edges.
X-rays The resolution of a microscope is ultimately limited by
the wavelength of the radiation used to form an image. In
Electrostatic lens | . | principle, the resolution of an x-ray microscope can be much
! ! better than the resolution of a visible-light microscope be-
oroduetion it cause x rays have much shorter wavelengths than visible
target detector light. However no x-ray microscope has come close to the
FG. 1 A ¢ of o ) ) . wavelength limit. The resolution of the present microscope
e one e X e o airangement i determined entirly by the size of the focused
that is transparent to the x rays produced in the recombination of the ions 40N SPot: 20um for the results reported here. The contribu-
the foil surface. A magnified radiograph of a sample is obtained by projection of diffraction to the image resolution is given hy
tion of its x-ray shadow onto a CCD camera. =(Na)¥?, where\ is the x-ray wavelength and is the
distance between the sample and the x-ray source. For 3 keV
X rays anda=5mm as in the present experimen,
=1.4 um. If submicron focused ion spots become available
The concept of our projection x-ray microscope is illus- In the future, the effect of x-ray diffraction could be reduced

trated in Fig. 1. Given a point source of x rays, the magnifi-bY decreasing the sample distance.
cation of an x-ray image by projection is straightforward.

The magnification is given bi¥ =b/a, wherea is the dis- IlIl. ION SOURCE

tance from the x-ray source to the sample &ni the dis-
tance from the x-ray source to the CCD. The magnification i

lons

II. X-RAY IMAGING

In an EBIT ions are trapped within the space charge

easily adjusted by varying the sample position Spotential of a magnetically compressed electron beam. In the

X rays are emitted isotropically from the ior; recombina- EBIT used for the presgnt work, a 150 mA electron peam
was compressed to a diameter of gt by a 3 Tmagnetic

tion point. Depending on the number of vacancies and th(Eeld. The ions were confined ta 2 cmlength of the electron

fluorescence vyield of the recombining ions, the number o . i
) S . eam by voltages applied to three trap electrodes. Argon ions
x-ray photons emitted per incident ion may be more or less

. were produced from neutral argon gas injected into the trap.
than one. For example, & has twoK-shell vacancies. Its P gon g ) P

fluorescence yield is not known precisely, but it is close toTrapped lons were quickly stripped to high charge states by

the 12% value for & vacancy in neutral aract lons with successive ionizing collisions with beam electrons. More de-
0 y gon. .. tailed descriptions of the EBIT and its extracted ion beams
a nearly emptyL or M shell can also be produced easily in

: . . can be found elsewhet&1®
an EBIT. In this case, multiple x-ray photons per ion are

expected, particularly for heavy elements where the fluores- lons were extracted from the EBIT by slowly raising the
P d, partic y y . _“potential of the center trap electrode until the ions spilled
cence yield is high. An x-ray spectrum from the recombina-

: . . - . over one of the end electrodes, which was biased at a poten-
tion of Ar'®" and A7 ions on a beryllium foil is shown in P

Fig. 2. The spectrum was obtained with a silicon photodiod@%ial of 17.3 kV. The ions were then guided by the electron
detector. The 3 keV argoK x-ray peak consists of multiple eam as far as the electron collector. After passing an extrac-

o . tion aperture, the slightly diverging ion beam was focused
satellite lines spanning an energy range of 2.96—3.30 keV fo nto the entrance of the x-ray microscope by an einzel lens

17+ 8+ ; 9 ) va i T
Acr)ssib?:dwﬁri Ojfn?g:gioEéeﬁenésgéi?gve";r;zg':tg ifnsas indicated in Fig. 3. Steerer plates were used to make small
P pe by 9 adjustments in the ion beam direction as needed.

1200 —— . . . i , . i IV. ION FOCUSING

An ion focusing column consisting of two einzel lenses
and two apertures was constructed to take advantage of the
low emittance of EBIT ions to produce a small focused ion
spot. As shown in Fig. 3, an entrance aperture defines the
initial beam size and position for the focusing column. The
600 |- T entrance aperture was a 0.5-mm-thick tantalum disk

I 1 block x rays produced by ion impacts on the upstream)side
with a 0.5-mm-diam hole. Each of the two einzel lenses pro-
duces a demagnified image of the entrance aperture. The
amount of demagnification depends on the ion energy and

the voltages applied to the einzel lenses. For the present mea-
0 T P p . A surements, each lens demagnified the image by a factor of
X-Ray Energy (keV) roughly 5. The second lens is normally adjusted to obtain a
focus at the fixed target-foil position, so it is primarily the
FIG. 2. X-ray spectrum oK x rays from the recombination of A¥ and  Strength of the first lens that can be varied independently to
Ar'™ jons incident on a beryllium target foil at an energy of 17 k&eV. adjust the overall demagnification. Note that ions in different
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v E —~— Extraction the first einzel lens. The two apertures define the acceptance
' steering plates of the ion focusing column. The aperture sizes were selected
: so that the phase-space acceptance of the focusing column
: roughly matched the emittance of the ions from the source.
_§ ' That is, the apertures were chosen so that the beam intensity
2 | ! I was slightly reduced.
s :
8 | | | ~=— Extraction V. MICROSCOPE PERFORMANCE
= ! einzel lens
E ' I In the present work, x rays were detected with a 512
] | A X512 pixel CCD camera. The CCD was thinned and back
ons oy . illuminated for sensitivity to soft x rays, and the pixel size
W L°p';ft’:|t::°t'°" was 25um. A 100-um-thick beryllium vacuum window in
1 . .
Electrons —»- <~ Eloctron b front of the CCD allowed the CCD chip to operate in
: co?fezfgr eam vacuum so that it coul(_i be cooled d_uring ima_ge a_lcquisition.
: An electroformed nickel mesh with 7@m-wide lines on
I

- THoem | 500 um centers was used to test the performance of the
microscope. X rays in the energy range of 3—4 keV were
FIG. 3. Layout of the ion focusing column and the EBIT ion extraction produced from APt and A7 ions incident on a beryllium
optics. target. The x-ray spectrum is shown in Fig. 2. The nickel-
mesh sample was placed in air, and a 12B-thick beryl-
charge states follow identical trajectories through the electrolium vacuum window served as the x-ray production target
static lenses. Although some lower-charge-state ions arfr the highly-charged-ion beam. The thickness of the nickel
present in the beam, only A and A*"* contribute to ar- mesh was 4.7:m, corresponding to a transmission of 8% for
gonK x-ray production. 3.1 keV argorK « x rays. As can be seen in Fig. 2, the x-ray
Ray tracing calculations show that the size of the finalspectrum includes a smaller flux of arg&iB x rays at 3.7
beam waist is limited by spherical aberrations as the strengtkeV, for which the transmission of the nickel is 18%, but
of the einzel lenses is increased in an attempt to achievihere is essentially no x-ray flux at higher energies. Hence
smaller focused ion spots. The contribution of spherical abthe average x-ray transmission through the mesh is small.
errations to the final spot size grows as the cube of the dis- The microscope was set up directly above the EBIT in a
placement of the ions from the axis as they pass through theertical orientation. The nickel mesh was located 5 mm
second lens. A 4-mm-diam aperture was placed in front okbove the x-ray source, and the CCD was 50 mm above the
the second lens to limit the off-axis position of ions enteringx-ray source, giving a magnification dfl =10. An x-ray
this lens. The effect of this aperture is to limit sphericalimage of the nickel mesh from a two-hour exposure is shown
aberrations by removing ions with a large divergence anglein Fig. 4. The intensity of each pixel is the integral of the
Note that the initial divergence of the ions is magnified bycharge it collects from multiple x-ray events during the ex-
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3000 B. lon emittance

Mesh Line Profile

The emittance and intensity of the ion beam from the
EBIT source are the most important parameters determining
the performance of our x-ray microscope. Although it is dif-
ficult to measure the emittance precisely, we performed some
additional measurements to obtain rough estimates for the
emittance and intensity of the & and Af’" components
of the ion beam used in the present work. Emittance is de-
fined ase=mrr’, wherer is the radius of the beam at a
waist andr’ is its divergence angle. The emittance is the area
of the ellipse in phase space with axes of lengtrafd 2 '.

2000 o . In what follows we use an emittance that contains ro_ugh!y
w00 120 140 160 180 200 50% of the beam intensity. Although the beam radius is
Pixel Number changed by the einzel lenses in the ion focusing column, the
emittance is conserved. We obtained independent estimates
FIG. 5. Profile of one of the mesh lines in the image of Fig. 4. The solid of the beam emittance at two locations: at the entrance of the

curve is a fit with the x-ray source size adjusted to match the measureibn focusing column and at the final focused spot
profile as explained in the text. )

2500

2000

1500

X-Ray Intensily (arbitrary units)

1. Measured emittance

re time. The noise in the im is from x-r hoton The radius of the final focused ion spot was determined
posure time. -1he noise € Image 1s fro ay photony, j,q 10um as described above. Ray tracing calculations for

itr?tlstlcst gg\dt-coul? ble rteduF:ed W'thfa Iontgr]]ergé%osure t'?"?he ion focusing column show that, for the conditions used to
€ contribution of electronic hoise from the IS NG ohtain the image of Fig. 4, ions that pass the 4 mm second

giole. erture converge to a final focus with angles up to 70 mrad
The EBIT was operated with an electron beam current ofp g 9 p :

. X n a run with the second aperture removed the x-ray flux
150 mA at 17.1 keV. Highly charged argon ions were pro-; . ; NS

. . . creased by a factor of approximately 2, which indicates
duced and trapped using a 200 V axial potential well. Th y bp y

. ) X Shatr’ =70 mrad is the angle that includes roughly 50% of
beryllium x-ray production target was at ground potential, SOhe beam. The 50% emittance is then &Tnm mrad. This

the energy of th? incident argon ions was determlneq by thf‘hay be an underestimate of the actual EBIT emittance since
17.3 keV potential of the top trap electrode over which the ome ions are also lost on the first aperture, and others are

|0_n? Werle etz)xtra(_:t_ed. tlﬁns V\/teret_er(trﬁ(;ted frotm f[he trallp i‘t ?j utside the 1Qum characteristic radius of the final spot.
s Intervais by raising tne potential ot the center trap electrode—, o separate measurement with the ion focusing column

at a rate of 6 V/ms until it became more positive than the 10R. ., ,oved a 1-mm-diam aperture was placed at the location

electrode potential. of the entrance to the focusing column, and a beryllium tar-
get foil was placed just downstream of the aperture. The flux
of Ar*®" and A" ions transmitted through the aperture was
monitored by detecting 3 keV argdt x rays from the target
foil with a silicon detector. The beam was centered on the
aperture by applying=30V potentials to the extraction
Inspection under a visible-light microscope confirmedsteering plategsee Fig. 3. Using the calculated beam de-
that the profile of the nickel-mesh lines was rectangular, sdlection, it was found that a transverse displacement of 0.4
the blurring of the edges of the mesh lines in the x-ray imagenm reduces the intensity of the beam transmitted through the
was used to obtain an estimate of the resolution of the x-raf mm aperture by a factor of 2, suggesting that the beam
microscope. The voltages on the two einzel lenses were adadius is on the order of 0.4 mm or less. We obtained an
justed for best resolution, resulting in values of 16.2 and 16.5ndependent measure of the beam size by placing a wire
kV on the first and second lenses, respectively. These voltmesh just above the beryllium vacuum window and record-
ages were used to obtain the image of Fig. 4. Figure 5 showisg its shadow with the CCD camera. For this test the aper-
a profile from one of the mesh lines of Fig. 4 obtained byture was completely removed. An analysis of the wire-mesh
averaging over 100 rows in the CCD image. Since theshadow yielded a beam radius iof0.3 mm half width at
nickel-mesh sample was much closer to the x-ray source thamalf maximum(HWHM). Although this result was obtained
the CCD, the resolution of the microscope is approximatelyduring a different run period with highly charged xenon ions,
equal to the width of the focused ion spot. If the focused ionbeam spot sizes for argon and xenon are expected to be simi-
spot has a Gaussian intensity profile with cylindrical symme-ar because these ions have roughly the same thermal energy
try, as expected, then each edge of a mesh line will have aper unit chargé® hence they follow similar trajectories.
error-function profile. The solid curve in Fig. 5 was calcu- Having determined the approximate size of the ion beam
lated using a Gaussian beam profile with its width adjustedit the entrance of the ion focusing column, we now estimate
to fit the observed image. The resulting value for the diamthe beam divergence at the same location. The 7.5 mm di-
eter of the x-ray-emitting spot is 20m full width at half  ameter of the EBIT extraction aperture limits the maximum
maximum(FWHM). size of the beam in the extraction einzel lens. This limit

A. Resolution
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corresponds to a rough upper limit of <8 mrad for the x-ray production rate was-2x10° s ! into 4wsr, corre-
convergence angle of ions focused at the entrance of the iosponding to & 10° x-ray photons per second incident on the
focusing column. A more accurate estimate of the ion anglenicroscope target within the solid angle of the CCD detec-
can be obtained from ray tracing calculations of the ion fo-tor. Assuming a fluorescence vyield of 12%, this corresponds
cusing column, which show that ions with initial divergenceto an incident ion flux of 1-X 1 s %, depending on the
up to 3 mrad at the entrance aperture will pass the secondir'®/Arl™ ratio in the beam. This flux is comparable to a
aperture. Combining this value of =3 mrad with the mea- flux of 0.9x 10° Ar'"* ions per second measured with a Far-
surements of the beam radius~0.3-0.4 mm) yields an aday cup from an EBIT nearly identical to ouisut operat-

emittance ofe~1.0m mm mrad. ing at a lower electron beam enejdy
It is possible to make a very rough estimate of the ex-
2. Expected emittance pected ion intensity from the operating parameters of the

EBIT. lons are confined to a length of approximately 2 cm

The expected emittance of an EBIT or EBIS can be Cal'along the electron beam. This length of beam contains 2.5

culgted from the propertie; of the trapped ions. AIthoqghX 10® electron charges for the 150 mA, 17.1 keV beam used
em!ttance IS (_:hanged during acceleratl_on, the normallze% the present work. If roughly 20% of the electron space
emittance, defined by, =(v/c)e, whereu is the ion veloc- charge is neutralized by argon ions, and roughly 1/2 of the

lty, is conserved and can pe related back to the temp_eratu%ergon_ion charge is in the #8and 1# charge states after
and volume of the trapped ions. The unnormalized emlttan08.4 s of ion influx and stripping then the trap contains
can then be expressed as 1.4x 10° Ar'®" and A’ ions. Dumping the trap every 0.4
e=mroVkT;/qU, (1) s as in the present measurements would yield an average
Ari8* 4 Arl7 flux of 3.5x 10° s™1. Although this estimate of
the expected ion flux is imprecise, its approximate consis-
tency with the measured x-ray intensity suggests that the
efficiency for extracting A" and Af’* ions and focusing
them through a small aperture is good.

where T; is the temperature of the trapped iomg, is the
radius of their confinement voluméJ is the acceleration
potential, andy is the ion chargé! Detailed computer mod-
els of ion trapping in an EBIT predict a temperature for
trapped AF*" and A" jons that is mainly determined by It should be noted that highly charged argon ions are a
the trapping potentiaV/ye. Usually, KTi~0.1q Vier,* a very common beam from EBIS devices, for which up t3°10
result that is supported by ipgctrozszcopic measurements of t'c]-:?(tracted positive charges per second r,1ave been repBred,
temperature of trapped i’ ions™ The ion temperature value two orders of magnitude larger than the flux obtained
also depends on the electron beam current and other parame- - our EBIT. Since the emittance of an EBIS is expected
¥ be similar to that of an EBIT, these devices could become
a bright source for a highly-charged-ion-based projection x-
ray microscope.

on temperature limitkT, to a small fraction of the well
depth.

The confinement radius of the trapped*®rand Af’*
ions has not been measured for the present conditions. How-
ever, sincek T, /q is close to the 14 V space charge potentialy|, DISCUSSION
at the 35um electron beam radius, we expect that the ion o )
confinement radius is about the same as the electron beam W€ have demonstrated a projection x-ray microscope us-

radius. Hence we estimate that~35 um. (In a more care- N9 X rays from the radiative deexcitation of slow highly
ful calculation, which is not justified here, we would choosecharged ions at a target surface. In the initial tests reported

ro So that the phase space volume definedebgontains here, a resolution of _2Qm was achieved with 3 keV x rays.
exactly 50% of the ions. Assuming KT,/gq~0.1V, Yada and Takahashi have demonstrated that a resolution of

=20 eV for the 200 V well at the beginning of the extraction Petter than 0.2um can be achieved in projection x-ray
ramp, the corresponding expected emittance fot*Art microscopy? In their work, x rays were produced by focus-
17.3 keV ise~1.2 = mm mrad. This value could be smaller INd the electron beam of a scanning electron microscope onto
for ions extracted from a shallower well at the end of the? thin target foil. Different target foils and electron beam
extraction ramp. The fact that the estimates of the actual angnergies were investigated with regard to electron beam
expected emittance are similar in size suggests that if emifPréading and target heating. The resolution was limited pri-

. . B _ 1/2
tance growth occurs during ion extraction and separatiof@rly by diffraction [A=(\a)™“] and by electron beam
from the electron beam, it is not a large effect. spreading in the target. Reduction of the spot size of the
highly-charged-ion beam would allow the resolution of our

X-ray microscope to be reduced to the diffraction limit be-
cause spreading of the highly-charged-ion beam in the target
The x-ray count rate is not easily obtained from the CCDis negligible. Target heating is not expected to limit the x-ray
images because x rays deposit varying amounts of charge intensity for slow highly-charged-ion beams because their
the CCD, and some events deposit charge in more than oneray production efficiency is greater than that of electron
pixel. We used a silicon photodiode detector to measure theeams.
argonK x-ray production rate from a beryllium vacuum win- The emittance and intensity of the highly-charged-ion
dow located behith a 1 mmtantalum aperture. Corrections beam are key parameters for the performance of our x-ray
were included for x-ray attenuation in air and beryllium. Themicroscope. Measured values of the emittance and intensity

C. Intensity
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